Introduction
Outer hair cells, receptor/effector cells in the cochlea of the mammalian ear, play a critical role in the active amplification, sharp frequency selectivity, and characteristic nonlinearities of the cochlea ͓1-3͔. The outer hair cell exhibits a unique form of motility, named electromotility ͓4͔, changing its length in response to changes of the cell membrane ͑wall͒ electric potential. The outer hair cells produce the active force ͓5,6͔, affect vibration of the basilar membrane and other cochlear components ͓7-9͔, and provide energy for the active processes in the cochlea. The outer hair cell is an elongated cylinder with a pressurized liquid core bounded by a three-layer composite wall ͓1͔. The cell cytoskeleton is represented by the intermediate layer between the outermost plasma membrane and the innermost subsurface cisternae. The cytoskeleton, which supports the cell's cylindrical shape, is important for normal turgor pressure in the cell. The cytoskeleton is also critical for the active force production, a mechanism that includes generation of the active strains in the plasma membrane and their transmission through the composite cell wall ͓10͔.
In first experimental studies with demembranated cells ͓11͔, the molecular structure of the cytoskeleton was analyzed and its longitudinal stiffness was measured. As a result of such analysis, a model of the cytoskeleton as a regular two-dimensional network of coiled helical actin filaments connected by longitudinal spectrin crosslinks was proposed. The connection of the cytoskeleton to the plasma membrane was studied, and the geometric parameters of a system of radial pillars between the two components of the cell wall were estimated ͓12͔. Later, it was discovered ͓13͔ that the outer hair cell cytoskeleton has a more complicated, less regular, nanostructure. It was shown that the cytoskeleton is composed of small domains of different sizes ͑200-1000 nm long͒ and orientations, where each domain is composed of actin filaments and spectrin crosslinks. The nanostructure of the cytoskeleton is such that its mechanical properties in the longitudinal ͑along the cell͒ and circumferential ͑around the cell͒ directions are expected to be different. Indeed, significant anisotropy was shown by directly measuring the longitudinal and circumferential stiffness of an isolated cytoskeleton ͓14͔. The cytoskeleton determines effective anisotropy of the whole outer hair cell wall because other components of the wall are practically isotropic. Anisotropy of the whole wall was estimated and the ratio of the circumferential stiffness modulus over that for the longitudinal direction was found to be in the range 3.5-4 ͓15-17͔. In another study ͓18͔, anisotropy of the outer hair cell wall was also confirmed, but the ratio of the stiffness moduli was close to 1.5. The cytoskeleton in other cells has been a topic of intensive studies because of its importance for the cell structural integrity, deformability, and signal transduction. The behavior and properties of the red blood cell cytoskeleton ͓19-23͔ and effective moduli of the endothelial cell cytoskeleton ͓24͔ were analyzed on the basis of these cells' nanostructure. Modeling of the rearrangement of the endothelial cell cytoskeleton in response to external forces ͑stretches͒ or concentration of the filaments was also developed ͓25,26͔.
In the present paper, we consider the multiple-domain nanostructure of the outer hair cell cytoskeleton and introduce an intermediate material connecting adjacent domains ͑Fig. 1͒. We consider random variation of the major intradomain geometric parameters together with domain orientation and size. We assume that these characteristics are distributed within ranges known from experimental measurements. By using the finite element method and generating the random parameters of the model, we obtain histograms of the elements of the 3ϫ3 symmetric matrix of the anisotropic stiffness moduli of the cytoskeleton. We find that the cytoskeleton exhibits a form of anisotropy more general than orthotropy. By applying our model to experimental values of the longitudinal and circumferential stiffness of the cytoskeleton, we estimate the stiffness of the molecules entering our model. We show that the stiffness of the hypothetical connective molecule in the intermediate material is close to that of the spectrin crosslink.
Thus, this molecule can be a shorter ͑compared to the crosslinks͒ form of spectrin. We find a pattern of the nonuniform deformation of the cytoskeleton in the circumferential direction where the domains are almost undeformed, and the whole circumferential strain is due to the deformation of the intermediate material connecting the domains.
The elastic moduli reported here were confirmed by simulation of outer hair cell motility on the basis of a 3-D model of the cell's composite wall ͓10͔. The cytoskeleton moduli were among the input parameters of the whole-wall model, and it was shown that the model matches the previously estimated overall stiffness of the cell wall as well as electromotile longitudinal and circumferential strains.
Mathematical Model
Effective Moduli of the Cytoskeleton. To analyze the effective properties of the outer hair cell cytoskeleton, we represent it as a cylindrical linear elastic membrane that exhibits a general type of anisotropy. This model is described by the equations
Here N x , N , and N x are, respectively, the longitudinal, circumferential, and shear components of the resultants; x , , and x are, respectively, the longitudinal, circumferential, and shear components of the in-plane membrane strain; C i j , i, jϭ1 . . . 3 are the effective elastic moduli of the cytoskeleton. Below, we show how the effective moduli of the cytoskeleton are determined by its nanostructure and elastic properties of individual molecules.
Single Domain. We consider an individual domain as a network that consists of several parallel filaments and connecting crosslinks. Both of these components are represented in our model by elastic beams. We consider the crosslinks as being not perpendicular to the filaments but slightly inclined ͑Fig. 2͑a͒͒. This assumption is based on the following arguments. In general, the shear resistance of the domain is determined by two factors: compression ͑extension͒ of the crosslinks and bending of the crosslinks. In the case of crosslinks strictly perpendicular to the filaments, the shear resistance is of a purely bending nature. This component of shear resistance is dependent on the conditions at the filament/crosslink junction. Experimental information on these conditions is unavailable at this time. In the case of crosslinks perpendicular to the filaments and of hinge-type boundary conditions, the domain can not sustain shear loading. As a component of the mechanically and electrically loaded outer hair cell, the cell cytoskeleton has to sustain the load of arbitrary direction, including shear mode. Thus, we exclude the domain geometry with crosslinks perpendicular to the filaments. In the case of inclined crosslinks ͑angles about 20 deg and ratios of the length to the radius about 20͒ the bending ͑boundary-condition-dependent͒ component is much smaller than the component related to extension/compression of the crosslinks. Thus, domains having such geometry can sustain load of an arbitrary direction. An additional analysis based on the consideration of two extreme cases, hinge-type contact and fixed contact, showed low sensitivity of shear modulus and Young's moduli of the domain on the conditions at the filament/crosslink junction. The domain moduli are primarily determined by the stiffness on the filaments and crosslinks as well as intradomain geometric parameters ͑see also section Effective Properties of an Individual Domain͒.
Intermediate Material. We assume that relatively thin strips of an intermediate material connect adjacent domains. We introduce a hypothetical connective molecule of which the strips between the domains are made. There are two typical cases of contact between neighboring domains: by filaments' sides and by filaments' ends. In the first case, we assume that the sides of the filaments belonging to two neighboring domains are connected by a system of elastic springs ͑Fig. 2͑b͒͒. In the second case, we assume a double-truss-type connection in which the end of a filament from one domain is connected by a pair of molecules to the ends of two filaments from the adjacent domain ͑Fig. 2͑b͒͒. These two types of connections are represented by the dark and light shades of the strips of the intermediate material in Fig. 1͑b͒ . In the analysis of the multiple-domain cytoskeleton, the effective stiffness of strips of the intermediate material is used. This stiffness is determined analytically by considering a set of identical springs or double trusses. We assume that the molecules making these two types of connective layers are of the same nature. Because of that, we use the same values of Young's moduli for the spring and the truss in our calculation of the effective stiffness of the connective layers.
Computational Method
To estimate the effective properties of the cytoskeleton, we propose a two-step approach. First we analyze the effective properties of a single domain. Then we consider a multiple-domain patch representative in terms of the effective properties of the whole cytoskeleton. In our modeling, we use the ranges of the domainrelated geometric parameters presented in Table 1 . For the diameters of the filament and crosslink, we use the values of 6.5 nm and 3nm, respectively. We use the value 20 deg for the angle of inclination of the crosslinks. This angle is limited by the condition of no intersection of neighboring crosslinks for the given ranges of the spaces of crosslinks and filaments ͑Table 1͒.
Computational Analysis of a Domain.
Since an individual domain enters the patch analysis via its effective elastic properties, we start with the study of the effective moduli of the domain in relation to its geometry. The length of the largest domains is about 1000 nm ͓11,13͔. It is about 3% of the circumference of the cylindrical cytoskeleton. Thus, we can neglect the curvature of the domain and consider it flat. This assumption was checked and confirmed by comparison test results with those obtained on the basis of shell-type finite elements. To find the effective moduli of the domain, we compute its deformational response to the application of loading along the directions perpendicular to the filaments and parallel to them, as well as to the application of shear loading. The load is applied along one side of the domain while the opposite side is fixed. The moduli are determined by the displacements along the unfixed sides of the domain ͑see the description of this methodology below in the case of a representative patch͒. Typically, the displacements along the loaded side were relatively uniform except edge points that exhibited large edge effects. We disregarded the values of the displacements at edge points and averaged the displacements at the internal points of the loaded side. In these computations, the finite element method was used and the major molecules entering the domain are naturally represented by elastic beam-elements. The off-diagonal terms in the stiffness matrix of the domain, including ones related to Poisson's effect, are much smaller than the diagonal terms. The diagonal terms are two Young's moduli ͑in the directions perpendicular and parallel to the filaments͒ and shear modulus. Thus, in our consideration of the whole patch, we treat each domain as orthotropic in the coordinate system determined by its inclination.
Computational Analysis of a Representative Patch. We consider a multiple-domain patch that is large enough to represent the effective properties of the cytoskeleton. To compute the deformational response of the whole patch, each of its componentsdomains and strips of the intermediate material-is represented by its effective moduli. Thus, in our consideration, the patch is a 2-D composite with component-wise effective elastic moduli. Plane stress finite elements are used in the analysis of the deformation of the domains and intermediate material. To determine the deformation of the patch, we go through each domain generating its geometric parameters as random functions uniformly distributed within ranges given by the nanostructural measurements ͑Table 1͒. Then we randomly generate the size and orientation of the domain. The size is assumed to follow a uniform distribution. The variation of the angle of inclination of the domain can be approximated by a normal distribution ͓13͔. After obtaining the values of the geometric parameters and the size of the domain, we compute its effective moduli by using the approach discussed above. Ultimately, we are interested in the effective moduli of the patch in the natural cylindrical coordinate frame related to the cell. By using the generated value of inclination of the domain, we transform the matrix of the orthotropic moduli of the domain into the matrix of general anisotropic moduli in the cell-related coordinate system. The same transformation is made with the matrix of the effective moduli of the intermediate material.
For each run, we compute the deformational responses of the The displacements along all unfixed sides of the patch determine the components of the strain generated in the patch by a particular mode of loading. By using the strain components and knowing the applied load, we determine the components S i j , i, jϭ1,.,3 of the compliance matrix ͓S͔. Finally, we invert the compliance matrix to obtain ͓C͔, the matrix of the C i j stiffness moduli.
To demonstrate a pattern of the general form of anisotropy of the cytoskeleton, we start our analysis of the patch with the application of the circumferential load. This case in presented in Fig.  3͑a͒ , and the load is assumed to be applied the direction parallel to sides 2 and 4. Then in Fig. 3͑b͒ , we consider the case of application of the longitudinal load that is assumed to be applied in the direction parallel to sides 1 and 3. Finally, we consider the shear load in Fig. 3͑c͒ .
In the case of the circumferential load ͑Fig. 3͑a͒͒, the strain component is determined by a constant approximation ͑mean value͒ of the circumferential ͑in the direction parallel to sides 2 and 4͒ component of the displacement at the points along side 3. The strain component x is determined by a constant approximation of the longitudinal ͑in the direction parallel to sides 1 and 3͒ component of the displacement at the points along side 4. For the same case, the shear strain component x is determined by linear approximations of the circumferential component of the displacement at the points along side 3 and longitudinal component of the displacement at the points along side 4. By using the estimated strain components, we obtain three components of the compliance matrix from the equations
Similar to the discussed case, the results of the patch deformation in response to loading in the longitudinal direction ͑Fig. 3͑b͒͒ provide two other components of the compliance matrix
The last component of the compliance matrix is obtained as a result of the consideration of shear loading ͑Fig. 3͑c͒͒ and is given by the equation
Table 2 presents the mean values and standard deviations of the C i j -stiffness moduli and illustrates convergence of the results when the size of the patch and the number of runs for generation of the random parameters are large enough. The first column corresponds to a 5ϫ5-domain patch and 1000 runs, the finally chosen parameters. The second and third columns correspond, respectively, to the same-5ϫ5-domain-patch and 500 runs and a 3ϫ3-domain patch and 500 runs. The mean values corresponding to a smaller patch and a fewer number of runs ͑columns 2 and 3͒ are close ͑except for the coefficient C 13 which itself is very small͒ to the final values in column 1. The convergence of the standard deviations requires a larger patch but they are close to the final values after 500 runs ͑compare columns 2 and 1͒.
Results
Before analyzing the effective properties of an individual domain and the whole cytoskeleton, we estimate the stiffness of individual molecules that constitute the cytoskeleton. Three molecules enter our model of the cytoskeleton: actin filament, spectrin crosslink, and the hypothetical connective molecule. The estimates from ͓14͔ of the longitudinal and circumferential stiffness of an isolated cytoskeleton can be interpreted in terms of the C-moduli of the cytoskeleton. Following the probabilistic approach to the determination of the stiffness of the patch ͑cyto-skeleton͒ described above, we interpret the data from ͓14͔ in terms of the mean values C 11 and C 22 of the moduli C 11 and C 22 . Substituting the data from ͓14͔, we obtain the following two equations in terms of the stiffness ͑Young's moduli͒ E a , E s , and E c , respectively, of the actin filament, crosslink, and connective molecule
The results of the measurements of the stiffness of isolated actin, E a , developed by several groups ͓27,28͔ using different methods fall into a relatively narrow range ͑1-2 GPa͒. We substitute the value E a ϭ1.5 GPa into Eqs. ͑7͒ and ͑8͒ and use our 
Discussion
Stiffness of the Individual Molecules. We start the discussion with an analysis of our estimates of the stiffness of individual molecules. We compare our estimate of the stiffness of the spectrin crosslink with that of the spectrin molecules in other cells. The red blood cell membrane has a structure somewhat similar to that of the outer hair cell wall. There are several independent estimates of the stiffness of an individual spectrin molecule of the red blood cell cytoskeleton. First, we consider estimates of the stiffness of the spectrin molecule obtained on the basis of elastic models similar to ours. Those estimates are expressed in terms of the spring stiffness K that is related to the molecule's Young's modulus by the equation
where S and l are, respectively, the cross-sectional area and the length of the molecule. For two elastic models ͓͑20-22͔ and ours͒, we make a comparison in terms of Young' s modulus because it is an intrinsic parameter characterizing the material properties of the molecule. In contrast, the spring stiffness depends on the geometry of the molecule. One approach ͓22͔ considers an isolated spectrin molecule in the form of an elastic coiled spring. Expression of those data in terms of Young's modulus results in the range
Eϭ0.5Ϫ1.6ϫ10
6 Pa (12)
The other approach ͓20,21͔ considers a spectrin network. For network topology that represents both spectrin tetramers and hexamers, and through use the value of the effective shear modulus of the red blood cell membrane, the following modulus is obtained
This estimate confirms the independently obtained stiffness of an isolated spectrin molecule ͑Eq. ͑12͒͒. The above estimates of the red blood cell cytoskeleton spectrin stiffness are reasonably close, but are somewhat smaller than our estimate ͑Eq. ͑9͒͒. This difference is especially understandable when the estimate is based on the effective shear modulus obtained from the micropipet measurements. In actual red blood cells, spectrin molecules are longer than in a 2-D model representation. In order to match the experimentally observed stiffness of the cell, molecules in a 2-D model have to be softer. The stiffness of the outer hair cell spectrin crosslink in an intact outer hair cell probably exceeds that for the red blood cell cytoskeleton even more. Under physiological conditions, the crosslinks in outer hair cells are prestressed ͑pre-strained͒ because of the action of turgor pressure inside the cell. The longitudinal stiffness of the cytoskeleton increases with prestraining, although it has the same order of magnitude ͓14͔.
An alternative approach to the red blood cell cytoskeleton was developed on the basis of a representation of spectrin molecules as entropic springs ͓19,23͔. Those estimates were intrinsically represented in terms of K stiffness and resulted in the range ͓23͔
Kϭ0.5Ϫ1.3ϫ10
Ϫ5 N/m (13)
Converting our estimate of Young's modulus ͑Eq. ͑9͒͒ into the spring stiffness and taking into account the filament spacing and inclination of the crosslinks, we obtain Kϭ0.2Ϫ0.64ϫ10
This is about 50-times larger than the above estimate of the red blood cell spectrin derived on the basis of the entropic spring model. The difference may result from the fact that the entropic model considers 3-D spectrins that are several times longer than the corresponding projections on the plane. Closeness of the values of the stiffness of the crosslink and that of the molecule making the intermediate material is consistent with the following hypothesis. The spectrin molecules provide connections between the actin filaments throughout the cytoskeleton. Some of these molecules ͑crosslinks͒ connect the filaments from the same domain. The others connect filaments that belong to two adjacent domains, effectively providing connections between these domains. The lengths of the crosslinks are different and determined by the distance between the filaments. The interdomain molecules are shorter than the shortest crosslink. In our model, the width of the intermediate material is 25 nm. Thus, the discussed molecules could be forms of polymer spectrin molecules whose lengths are determined by different amounts of spectrin monomers.
Effective Properties of an Individual Domain. We consider three representative domains: large ͑1000-nm length͒, average ͑600-nm length͒, and small ͑200-nm length͒. For these three cases, we found that the dependences of the effective moduli on the internal geometric parameters of the domain are qualitatively the same with certain quantitative differences. The spacing of the crosslinks has the primary effect on the stiffness of the domain in the direction perpendicular to the filaments. Similarly, the spacing of the filaments has the primary effect on the stiffness in the direction of the filaments. However, the effect of the spacing of the crosslinks taken in the corresponding physiological range is the most significant among other geometric parameters of the domain.
Effective Properties of the Cytoskeleton. Figures 4͑a͒-͑f͒ give a comprehensive characterization of the cytokeleton's stiffness properties. The mean values represent reasonably well the corresponding stiffness coefficients because of relatively narrow ranges of the variation of the C-coefficients. The ratios of the standard deviations to the corresponding mean values are less that 1:3, except for the small coefficient C 13 .
The cytoskeleton is about 6-times stiffer circumferentially than longitudinally, a finding that corresponds to experimental measurements ͓14͔. This ratio is higher than that for the whole cell wall ͓15-18͔. It is consistent with the microstructure of the composite wall made of the anisotropic cytoskeleton and isotropic plasma membrane and subsurface cisterna. The orthotropic model of the cytoskeleton requires that the coefficients C 13 and C 23 be equal to zero ͓29͔.
The first of these coefficients is indeed very small, but the second coefficient has the same order of magnitude as C 12 and C 22 . The sign of this coefficient, C 23 , is determined by the sign of the mean value of the angle of inclination of the domains. The change of the sign of that mean value resulted in the opposite sign of coefficient C 23 ͑as well as the sign of coefficient C 13 ͒. The coefficient C 23 indicates that the outer hair cell cytoskeleton is not orthotropic, but exhibits a general type of anisotropy. The properties found are confirmed by the pattern of deformation in Fig. 3 . In the case of loading in the circumferential direction ͑Fig. 3͑a͒͒, a shear component of strain is clearly present ͑compare with the pattern in Fig. 3͑c͒ for pure shear͒, which means that the coeffi- Fig. 4 Histograms of the anisotropic stiffness moduli of the outer hair cell cytoskeleton, including the mean values "… and standard deviations "…; "a… modulus C 11 , "b… modulus C 12 , "c… modulus C 13 , "d… modulus C 22 , "e… modulus C 23 , and "f … modulus C 33 cient C 23 0. In contrast, the deformation under loading in the longitudinal direction does not cause a visible shear ͑Fig. 4͑b͒͒, which means that the coefficient C 13 Ϸ0. Such anisotropic properties are a result of inclination of the domain orientation and the effect of the intermediate material. The range of the angle of the domain inclination in Table 1 was chosen on the basis of of Fig.  8A in ͓13͔. The data in Fig. 2͑b͒ in ͓11͔ correspond to a broader distribution of the angles of domain inclination. To check this effect, we developed an additional computational experiment with the same mean value as that in Table 1 but with greater standard deviation equal 15 deg. The broader distribution of the angles of inclination of the domain directions had an effect on the standard deviation of coefficient C 23 . This is understandable because inclination of the domains is one of the major determinants of the non-zero coefficient C 23 In response to the change in the standard deviation of the inclination angle from 10 deg to 15 deg, the standard deviation of coefficient C 23 increased by about 35 percent compared with the one given in Fig. 4͑e͒ . The standard deviations and mean values of other C i j as well as the mean value of C 23 changed only slightly. The general anisotropic properties of the cytoskeleton can result in cell distortion even under a purely axisymmetric load and they should cause an additional mode of the passive deformation of the cell in the organ of Corti of the cochlea ͓1͔.
The form of anisotropy that is more general than orthotropy is an interesting feature of the domain structure of the cytoskeleton. This property can be expected in any structure of the cytoskeleton with variable direction of the fibers. The model of the cytoskeleton with the actin filaments interpreted as coiled helical springs ͓11͔ also results in non-zero off-diagonal terms in the stiffness matrix if it is considered in the natural cell-related coordinate system ͓30͔. In the experiments with axial or circumferential loading of the outer hair cell or its cytoskeleton ͓6,11,14,18͔, shear or rotation that would manifest general anisotropy of the cytoskeleton has not been reported. It can be explained by kinematic constraints imposed on the cell ͑cytoskeleton͒ by the experimental conditions. In those experiments, cells were probably precluded from rotation because of the interaction with a fiber or probe used to load the cell. Thus, special design is required to capture the deviation from orthotropy of the outer hair cell cytoskeleton.
The coefficient C 33 is equal to shear modulus of the cytoskeleton. This coefficient is of the same order of magnitude as the coefficients C 12 and C 11 that determine, respectively, Poisson's effect and longitudinal stiffness of the cytoskeleton. Notice that the independent shear modulus of the anisotropic outer hair cell wall or its components has never been estimated before ͓31͔.
The relative stiffness of the three molecules entering the model of the cytoskeleton determines the pattern of the cytoskeleton deformations in the circumferential and longitudinal directions. The filaments whose directions are close to the circumference are 2-3 orders of magnitude stiffer than the intermediate material. This means that the strain split between the domains and the intermediate material is highly uneven in the circumferential direction. The observable strain is determined by the deformation of strips between the domains leaving the domains almost undeformed. In the longitudinal direction, the crosslinks, whose directions are close to being parallel to the cell axis, have a stiffness that is about the same as the stiffness of the intermediate material. Thus, in contrast to the circumferential direction, the strain split in the longitudinal direction is almost even. The discovered pattern of outer hair cell cytoskeleton deformation shows not only anisotropy of the cytoskeleton but also inhomogeniety of its strain on the nanoscale where almost undeformed domains are separated by much higher strained zones of the intermediate material.
Design of the Cytoskeleton and Physiology of the Outer
Hair Cell. The cytoskeleton provides the cylindrical shape of outer hair cell that is under the action of turgor pressure. The outer hair cell exhibits electromotility critical for the cochlear amplification, frequency selectivity and nonlinearities. The outermost component of the composite cell wall is the active site of electromotility. Its driving of the passive rest of the cell wall ͑the cytoskeleton and subsurface cisternae͒ results in changes of the cell length and radius. These two features, resting cylindrical shape and electromotility, require a firm connection of the plasma membrane to the cytoskeleton. This connection is provided by an organized system of thick radial pillars. To firmly anchor the pillars in the cytoskeleton, a network of thick, rigid elements is needed. In the outer hair cell, the pillars are anchored at a long, rigid actin filament. The diameter of the pillar is close to that of the filament and is about 3-times greater than the diameter of the spectrin crosslink. The points of pillar/filament connection are away from the points of filament/crosslink connection. The red blood cell cytoskeleton also has two major, spectrin and actin, components. In comparison to those in the outer hair cell, the spectrin molecules in the red blood cell cytoskeleton are long, the actin molecules are short, the plasma membrane is not firmly attached to the cytoskeleton, and these two components of the cell membrane can slide with respect to each other. Thus, design of the cytoskeleton reflects different physiologies of the two cells.
The outer hair cell physiology requires the presence of long thick actin filaments in the cytoskeleton, and we discuss possible arrangements of such filaments. The arrangement of the cytoskeleton in the circumferential direction based on continuous actin filaments would not be consistent with outer hair cell physiology. The observed circumferential strains in electromotile outer hair cell are of the same order of magnitude that the longitudinal strains ͓32͔. The stiffness of the actin filaments, however, is several orders of magnitude greater than that of the spectrin crosslinks. Thus, continuous circumferential filaments would not allow the cell to change its diameter, preserve the volume, and be motile. This problem does not appear in the arrangement where rigid filaments are discontinuous and connected by softer molecules. The presence of intermediate molecules in the organization of the cytoskeleton in the longitudinal direction may be not as critical as in the circumferential direction. It seems, however, to be an economic and uniform design when the domains are connected along the whole boundary. Such a design is also supported by the finding of the present paper that the connection can be provided by a single molecule whose nature is similar to that of the intradomain spectrin molecule.
The stiffness of the outer hair cell as a whole is not only a passive characteristic of the cell behavior but is also related to cell electromotility ͓33͔. The overall cell stiffness is a result of optimal interplay between the wall stiffness and reactive pressure that resists to compression of the cell. These two factors cancel each other and the overall cell stiffness is much smaller than that of the cell wall ͓15,17͔. In order to match the stiffness of the whole cell, the cell wall has to be anisotropic with greater rigidity in the circumferential direction with a ratio of the corresponding moduli in the range 1.5-4 ͓15,17,18͔. If the cytoskeleton included continuous circumferential filaments the ratio of its moduli corresponding to the two directions would be about 10 3 ͑assuming that the stiffness of the filament is equal to that of the isolated actin͒. It would not match the above range of the whole cell anisotropy. On the other hand, a combination of the actin filaments and spectrintype molecules results in a ratio of the two moduli close to 6. This ratio allows matching the required range of the composite wall anisotropy given that the cytoskeleton is connected to two isotropic components of the wall ͑the plasma membrane and subsurface cisternae͒.
The proposed model of the outer hair cell cytoskeleton is consistent with major observed ͑or estimated͒ properties of the outer hair cell. The discussed 2-D model of the cytoskeleton was incorporated into a 3-D model of the composite cell wall, including a realistic connection of the cytoskeleton to the plasma membrane via the radial pillars ͓10͔. In the model ͓10͔, electromotility of the cell was driven by plasma-membrane-located molecular motors with a density corresponding to that of the protein particles in the
